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We report on the structure study of MgxZn1−xO films and, in particular, we will focus on MgxZn1−xO
layers with x=0.28 and 0.41 MgxZn1−xO layers with different crystal structures of cubic and
wurtzite that have been grown by plasma-assisted molecular-beam epitaxy on MgO/c-sapphire with
Mg/Zn flux ratio control. The MgxZn1−xO films have been characterized by high-resolution
transmission electron microscopy HRTEM and high-resolution x-ray diffraction. The dependence
of the cation-anion bond length to Mg content has been studied. A virtual crystal model of MgZnO
has been applied to interpret the bond-length variation. HRTEM results indicate that the initial stage
of the MgZnO growth on a MgO buffer layer starts with a cubic structure even in the case of a
wurtzite structure at the end of growth. © 2005 American Institute of Physics.
DOI: 10.1063/1.2039273I. INTRODUCTION
ZnO is a II/VI wide band-gap 3.37 eV semiconductor
with a large exciton binding energy of 60 meV, which has
attracted considerable attention as a promising candidate for
optical and electronic device applications.1 It is expected that
alloying ZnO with MgO can tune the band gap from 3.37 eV
ZnO band gap to 7.8 eV MgO band gap, which is essen-
tial for band-gap engineering as well as heterostructure de-
vice design.
Since Zn and Mg have similar ionic radii Mg2+0.57 Å
and Zn2+0.60 Å in fourfold coordination, there can be
some replacement in either structure without changing the
original structure when alloying. However, the large crystal
structure dissimilarity between wurtzite-hexagonal ZnO
a=3.25 Å and c=5.21 Åand rock-salt-cubic MgO
a=4.214 Å can cause unstable phase mixing.2,3
According to the phase diagram of the ZnO–MgO binary
system, the solid solubility of MgO in ZnO is limited to only
4 at. % maximum and MgO allows a maximum of 56-at. %
ZnO solubility at 1600 ° C.4 However, there are several re-
ports of fabrication of high-quality hexagonal-single-phase
MgxZn1−xO thin films with greater Mg concentration
2,3,5,6 as
well as cubic-single-phase MgxZn1−xO thin films.
7,8
Up to now most studies have focused on the growth,
optical, and electrical properties of MgxZn1−xO layers
individually2,7,9,10 or MgxZn1−xO/ZnO superlattices
11,12 with
less attention paid to the microstructure. We believe that a
microstructure study of MgxZn1−xO layers and its relation-
ship with composition can lead to better understanding of the
optical and electrical properties.
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epitaxy P-MBE to grow MgxZn1−xO layers over a wide
composition range of 0.0x0.97. We will show how the
Mg content can be controlled by flux ratio. We will also
discuss about the microstructure of MgxZn1−xO layers with
different Mg concentrations grown on MgO/Al2O3 0001
template. To date the MgO layer has been applied as a buffer
layer for ZnO layers to improve the crystalline quality.13 Of
particular interest is the influence of the buffer layer orienta-
tion on the thin-film microstructure.
II. EXPERIMENT
MgxZn1−xO thin films were grown on a sapphire 0001
substrate at 550 ° C substrate temperature with various
Mg/Zn flux ratios by plasma-assisted MBE. The Mg and Zn
flux rates were measured by using a quartz crystal thickness
monitor at the growth position. Before MgxZn1−xO film
growth, 3–5-nm-thin MgO buffer layers were initially grown
at 550 ° C followed by annealing at 800 ° C for 10 min. The
MgxZn1−xO film thicknesses ranged from 400 to 900 nm, as
determined by surface profilometry. The growth process was
monitored in situ by reflection high-energy electron diffrac-
tion RHEED. The chemical composition of MgxZn1−xO
films was determined by means of an electron probe mi-
croanalyzer EPMA. The crystalline structure of the films
was investigated by high-resolution x-ray diffraction
HRXRD with a Philips, X’ Pert-MRD diffractometer. The
microstructure study has been performed by a high-
resolution transmission electron microscope HRTEM ob-
servation using a JEOL JEM- ARM 1250 electron micro-
scope operating at 1250 kV or a JEOL3010 at 300 kV. The
cross-sectional TEM samples were prepared by conventional
techniques, including mechanical polishing, dimpling, and
Ar-ion milling.
© 2005 American Institute of Physics1-1
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To investigate the structural characterization of
MgxZn1−xO films, we have grown MgxZn1−xO layers with
different alloy compositions 0.0x0.97 which was
achieved through the control of the Mg:Zn flux ratios with a
fixed O-plasma flux of 2 standard cubic centimeter per
minute SCCM at 250 W. Figure 1 shows the Mg content of
the MgxZn1−xO films determined by EPMA versus Mg and
Mg+Zn flux ratios JMg/ JMg+JZn. Basically two different
regions are distinguishable, which is due to the structure
change of the MgxZn1−xO alloy from rock-salt-cubic to
wurtzite hexagonal, when JMg/ JMg+JZn decreases and the
Mg content consequently decreases. It should be noted that
the incorporation of Mg atoms is higher than that of Zn
atoms due to the higher sticking coefficient.
Figure 2 shows the 2− XRD scan of the MgxZn1−xO
films. The appearance of only 111 peaks for 0.65x
0.97 is a sign of the cubic single phase whereas for
x0.34 the formation of wurtzite single-phase crystal is
confirmed by the appearance of 0002 peaks. The existence
of a weak 0002-wurtzite peak besides the 111-cubic peak
at x=0.41 indicates the coexistence of two phases. Therefore
it can be concluded that the solubility of the wurtzite struc-
ture MgO in ZnO under these conditions is 34%, which is
consistent with previous reports,2,5 and the solubility limit of
the rock-salt ZnO in MgO is 35%. However, the reported
value by Choopun et al.7 on the growth of cubic MgZnO thin
FIG. 1. Mg content in MgxZn1−xO films as a function of flux ratio.
FIG. 2. X-ray-diffraction 2- scan results of the MgxZn1−xO0.0x
0.97 films. The ZnO 0002 peak is shown as a reference comparison.
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difference can be attributed to the growth method as well as
growth conditions.
It is known that ZnO crystallizes in the wurtzite structure
under ordinary conditions, but it can be synthesized in the
rock-salt-cubic structure under high pressure with a lattice
constant of a=4.28 Å.14 The stable phase of MgO is rock-
salt-cubic, however, there are some theoretical reports on
unstable wurtzite MgO with lattice constants of a=3.168 Å
and c=5.174 Å when the internal parameter u of the wurtzite
structure is assumed to be ideal 3/8. This unstable structure
is predicted to be relaxed to a structure with a=3.426 Å,
c=4.112 Å, and u=0.5 without an activation barrier.15
The cation-anion bond lengths in MgxZn1−xO alloys for
0.0x0.97 calculated from XRD results have been sum-
marized in Fig. 3. The dependence of the bond length as a
function of composition, assuming a virtual crystal of Mg-
ZnO based on the Vegard’s law, is also shown in Fig. 3
lines. The data for the virtual crystal were derived from
lMgxZn1−xO = xlMgO + 1 − xlZnO , 1
where lMgxZn1−xO, lMgO, and lZnO are the
MgxZn1−xO, MgO, and ZnO cation-anion bond lengths, re-
spectively. We assumed that ZnO contributes to the MgO
rock-salt structure as a rock-salt structure, and MgO contrib-
utes to the ZnO wurtzite structure as an ideal wurtzite struc-
ture. Assuming the above-mentioned parameters for the ZnO
rock salt l=a /2 and MgO wurtzite l=3c /8 and Eq. 1,
the following are given for each of the structures:
wurtzite:lMgxZn1−xO = x1.940 + 1 − x1.953 , 2
rock salt:lMgxZn1−xO = x2.106 + 1 − x2.14 . 3
It can be seen that our assumption fits the experimental
results well in the rock-salt structure. The small change of
bond length in each structure up to the maximum l / lMgO
=0.83% for cubic structure with x=0.41 and l / lZnO
=0.77% for wurtzite structure with x=0.41 confirms some
substitution without significant deformation of the original
structure.
The deviations of the data points from the linear line for
FIG. 3. Cation-anion distance calculated from the XRD results as a function
of Mg content. The lines show a virtual crystal model based on the Vegard’s
law. The cation-anion distance is 3c /8 in ideal wurtzite structure.the wurtzite structure with 0.27x0.65 are most probably
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length in c direction in wurtzite structure is uc. As already
mentioned, theoretical calculation predicts that u increases to
0.5 in hexagonal MgO.
In order to investigate the interface microstructure of the
films, a cross-sectional transmission electron microscopy
study has been done. Figure 4a shows a low-magnification
HRTEM micrograph of the Mg0.28Zn0.72O/Al2O3 interface
with an incident electron beam parallel to the Al2O310 1̄0
direction. A few nanometer layers with a distinctly differ-
ent image can be distinguished between the Mg0.28Zn0.72O
and sapphire substrate arrows, which covers most of
the Al2O3 surface with nonuniform thickness. Figure 4b
shows the corresponding selected area diffraction pattern
SADP from the interface left and the basic unit of the
diffraction pattern right. The SADP shows that MgZnOw
grows epitaxially with the epitaxial relationship of
MgZnOw1 2̄10 Al2O310 1̄0 as schematically shown in
Fig. 4b right. Apart from the diffraction patterns from
MgZnOw and sapphire, the existence of extra diffraction
spots in Fig. 4b left arrowed spots denotes the presence
of other phases. The lattice spacing and interplanar angles
are representative of the MgZnO cubic phase in the 01 1̄
zone, which demonstrates the growth of cubic MgZnO along
the 111 direction with 180° rotation twin about 111. Fig-
ure 4c presents a high-magnification micrograph HRTEM
and its fast Fourier transform FFT pattern taken from area 1
in Fig. 4a, which confirms the existence of the MgZnOc
phase near the interface. The twin boundary along 111 is
clearly observable. Twins usually form to accommodate the
translational misfit between coalescing islands.
Therefore, it can be concluded that the initial
growth occurs as 111-oriented cubic and then
changes to the more stable 0002-oriented wurtzite
phase. The epitaxial orientation relationship of the film
from the diffraction pattern analysis is determined as
MgZnO w 10 2̄10   MgZnO c 01 1̄  Al2O3 10 1̄0 .
FIG. 4. a Cross-sectional HRTEM images of Mg0.28Zn0.72Ow with the
incident beam parallel to Al2O31 1̄00, b SADP near the interface and the
basic unit of Al2O3 and MgZnOw and MgZnOc, c high-magnification
image of area 1 and its FFT pattern. The letters T, C, W, and S indicate twin,
cubic, wurtzite, and sapphire, respectively.Therefore by introducing a thin MgO111buffer layer, the
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centration is feasible. More recently Kunisu et al. reported
the growth of a 50-nm Mg0.15Zn0.85O rock-salt film on an
MgO 100 substrate.16
As XRD results showed, the Mg0.41Zn0.59O film has a
mixed structure Fig. 2, but predominantly cubic structure.
On the other hand the RHEED evolution during the growth
of this sample shown in Fig. 5 indicates the initial growth
of cubic structure Fig. 5a terminated by wurtzite structure
at the end Fig. 5c. The extra spots denoted by the symbol
“T” in Fig. 5a indicate twinning. In Fig. 5b the marked
spots belong to the MgZnOw phase and indicate the nucle-
ation of the wurtzite phase after 60 min of the growth.
Figure 6a presents a typical low-magnification bright-
field HRTEM image taken under an incident electron beam
parallel to the Al2O31 1̄00 direction. Two different layers
with different contrasts due to different phases can be ob-
served, which are labeled by C cubic and W wurtzite in
Fig. 6a. The corresponding SADP of the interface of the
substrate and the first layer, first layer, and the interface of
the first and second layers are also shown in Fig. 6. From the
analysis of these SADPs the following can be concluded:
First, the first layer is Mg0.41Zn0.59O cubic grown along 111
accompanied by microtwin as indexed in Fig. 6c. Second
the Mg0.41Zn0.59Oc grows along 111 parallel to Al2O3
0001 without misorientation. Third the wurtzite
Mg0.41Zn0.59O layer with 10° misorientation forms along
0001 on Mg0.41Zn0.59Oc. And fourth the facets of the
V-shape interface between wurtzite and cubic phases can be
assigned as 10 1̄ 2̄W and 110C.
Figure 7 shows the HRTEM images recorded from cubic
FIG. 5. RHEED pattern of Mg0.41Zn0.59O after a 15- b 60- and c 120-
min. growth. T, W, and C indicate twinning, wurtzite, and cubic,
respectively.
FIG. 6. a Low-magnification cross-section TEM image of Mg0.41Zn0.59O
with the incident beam parallel to Al2O31 1̄00. SADP of the interface of
b the MgZnO wurtzite and cubic, c MgZnO cubic, and d the interface
of MgZnO cubic and Al2O3.
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7b, and their overlap regions Fig. 7c. The insets show
the corresponding FFT which confirm the phases. As exhib-
ited in Fig. 7c a parallel array of the moiré fringes is pro-
duced by the intersection of the 111C and 10°-misoriented
0002W planes. Figure 7d provides a schematic represen-
tation of the traces of the 111C and 0002W planes and the
moiré pattern that arises if they are allowed to overlap con-
sidering a 10° rotation. The spacing dM of the moiré pattern
is given by the following equation:
dM = d1d2/d1 − d22 + d1d221/2, 4
where d1 and d2 are the interplanar spacings and  is the
intersect angle. Considering d1=d111=0.245 nm and d2
=d0002=0.258 nm, as measured from XRD Fig. 2, then
dM =1.456 nm is derived from Eq. 4 by setting =9.5,
which is comparable with dM =1.456±0.025 measured from
the HRTEM image Fig. 7c. The misoriention  stimated
by this method agrees well with the direct observation in Fig.
6b.
The large misorientation can be considered to result
from the considerable strain field due to 8.2% in-plane lattice
mismatch = aw−ac /2 / ac /2 between the MgZnO
cubic ac=0.425 nm and wurtzite aw=0.325 nm as well as
the existence of the partial dislocations at the end of stacking
sequence.
Figure 8 shows a schematic illustration of the atomic
arrangement at the interface of the MgZnO cubic and wurtz-
ite structures projected along a 11 2̄0w  1 1̄0C zone axis.
The stacking sequences changes from ABCABC in the cubic
structure to AaBbAaBb in the wurtzite structure and may
cause the partial dislocations.
IV. SUMMARY
MgxZn1−xO layers with different crystal structures due to
FIG. 7. HRTEM image of a cubic MgZnO, b wurtzite MgZnO, and c
Moiré fringes due to the 111C and 0002W planes overlapping with 10°
rotation. d The schematic diagram showing the relationship between
111C, 0002W, and their resultant moire’ planes.different Mg contents were grown on a MgO/Al2O30001
Downloaded 27 Jan 2009 to 130.34.135.83. Redistribution subject totemplate. The composition was controlled by the flux ratios
during the growth. A model assuming a virtual crystal struc-
ture of MgxZn1−xO and Vegard’s law was used to inter-
pret the bond-length variations. The HRTEM images demon-
strated that the epitaxial orientation of MgxZn1−xO films
with x0.65 on the MgO buffer layer initially was along
111 cubic direction and then changed to 0001 wurtzite
direction.
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